The ripple phases of a range of mixed-acid phosphatidylcholine derivatives with one saturated C 18 chain and the other chain of variable length or unsaturation were studied using differential scanning calorimetry, x-ray diffraction, and freeze-fracture electron microscopy. The temperature dependences of their ripple wavelength ͑͒, stacking repeat distance (d s ), and the monoclinic angle m defining their unit cell were measured and found to be consistent with an inherently asymmetric ripple phase with an amplitude that slowly increases with temperature. The temperature spans of the ripple phases of the saturated mixed-chain derivatives and the derivatives containing unsaturated chains were found to be larger and smaller, respectively, than those of homoacyl derivatives of the same equivalent chain length. This was shown to be consistent with the slidingchain model proposed by Cevc ͑Biochemistry 30, 7186-7197, 1991͒. The tendency of phosphatidylcholine derivatives to form asymmetric ripple phases and the possible molecular organization of such phases are discussed in terms of different models. X-ray diffraction evidence was found for the existence of a secondary ripple phase with a wavelength about 1.8 times greater than the conventional pretransition ripple phase. This phase is formed in samples freshly cooled from the liquid-crystal phase and tends to persist longer than the conventional ripple phase on cooling to the gel phase. Freeze-fracture electron microscopy suggests that it is symmetric in cross section possibly reflecting the interaction of two opposing pretransition ripples.
INTRODUCTION
Hydrated samples of fully saturated phosphatidylcholine ͑PC͒ derivatives normally exist in one of four bilayer phases: a crystalline (L c ) phase formed on equilibration at low temperatures in which the acyl chains are packed on an orthorhombic lattice; a gel (L ␤ Ј ) phase in which the fully extended acyl chains, packed on a quasihexagonal lattice, are tilted with respect to the bilayer normal; a ripple ( P ␤ Ј ) phase in which the lipid bilayer is distorted by a periodic ripple characterized by a two-dimensional monoclinic lattice; and a conventional liquid-crystal (L ␣ ) phase in which the acyl chains are melted ͓1͔.
The existence of a ripple phase, in particular, has been a source of considerable interest to a broad range of researchers for many years. The majority of reports on the ripple phase relate to homoacyl disaturated PC derivatives. Ripple phases are, however, also formed in saturated mixed-chain PC derivatives ͓2,3͔ and in some derivatives containing unsaturated chains ͓4,5 and this paper͔. They are found in mixtures of PC with cholesterol ͓6,7͔ and even occasionally in other lipid systems such as phosphatidylglycerols ͓8͔ and substituted phosphatidylethanolamines ͓9͔.
The structure of the ripple phase has been extensively studied using x-ray diffraction ͓2,3,10-20͔, neutron diffraction ͓6͔, freeze-fracture electron microscopy ͓21-26͔, and scanning-tunneling microscopy ͓27,28͔.
Freeze-fracture techniques have revealed the existence of a large number of different ripple profiles. The predominant ripple form found in pure PC systems is asymmetric with a sawtooth cross section and a wavelength of about 12-16 nm ͓25,26͔. Lipid mixtures, however, are often characterized by a symmetrical ripple often referred to as a macroripple, which has a wavelength approximately double that of the pretransition ripple ͓29͔. Small areas of macroripple and of other types of ripple of different symmetry and wavelength also occur in pure PC dispersions. The structure of these alternative ripple forms is still a matter of some debate but can in many cases be explained in terms of summations and/or interactions of the basic pretransition ripple ͓26͔.
Electron density distributions calculated by Wack and Webb ͓16͔ confirm the basic asymmetry of the pretransition ripples. Recent calculations performed by Sun et al. ͓20͔ indicate that the bilayer thicknesses in the two sides of the sawtooth are appreciably different. They estimate a bilayer thickness of 3.8 and 3.1 nm, respectively, for the long and short sides of the ripple for di-14:0 PC ͓30͔ and suggest that the ripple consists of alternating sections of lipid of gel and liquid-crystal-like phase character.
Many theoretical models have been put forward in attempts to explain the formation of the ripple phase. In general, they are divided into two groups: those based on purely thermodynamic considerations ͓31-37͔ and those based on a statistical mechanical approach ͓38-43͔. Excellent summaries of the ideas underlying these models can be found in Carlson and Sethna ͓34͔ and Scott and McCullogh ͓44͔. While such models have a valuable role in exploring possible explanations of the factors underlying ripple phase formation, the number of assumptions and simplifications required to make them mathematically handlable means that they have limited predictive value. Cevc ͓45͔ has adopted a rather different approach and has developed a phenomenological model based on the idea that ripple formation is associated with a sliding of the lipid molecules along their longitudinal axes leading to an increased exposure of the lipid headgroups to the hydrophilic medium. The model provides useful equations for the prediction of the (L ␤ Ј → P ␤ Ј ) and ( P ␤ Ј →L ␣ ) phase transition temperatures but runs into similar problems when it comes to explaining the inherent anisotropy of the ripple profile.
In an attempt to examine the driving forces of the ripple phase transition further, we have studied the occurrence of the ripple phase in fully hydrated dispersions of a range of mixed-acid PC derivatives with one saturated C 18 chain and the other chain of variable length or unsaturation, using differential scanning calorimetry ͑DSC͒, x-ray diffraction, and freeze-fracture electron microscopy. We were particularly interested in the temperature ranges of the different ripple phases and general organization of the ripple phase and the chain packing of the lipids as reflected in small-angle x-ray diffraction ͑SAXS͒ and wide-angle x-ray diffraction ͑WAXS͒ measurements, respectively. The x-ray studies performed on fully hydrated samples suggested that the ripple structures present in our fully hydrated samples were mainly of the standard pretransition type. Evidence of the formation of appreciable amounts of a ripple phase with a wavelength approximately double that of the pretransition ripple was, however, found in a partially hydrated sample of one of the lipids.
MATERIALS AND METHODS
Lipids. All phospholipids were obtained from Avanti Polar Lipids, Inc. ͑Alabaster, AL͒ and used without further purification.
Calorimetry. Calorimetric measurements were performed using a Perkin-Elmer DSC-2 scanning calorimeter fitted with a subambient accessory. Aqueous dispersions ͑usually 1:1 w/w͒ were prepared by direct addition of distilled water to the lipid powder and hermetically sealed in aluminum pans. All samples were heated over a temperature range of at least 50°C and thermograms were recorded on heating and cooling at a rate of 5°C/min. At least three heating/cooling cycles on two separate samples were performed. Onset temperatures were taken to be at the departure of the rising endotherm from the baseline. The system was calibrated using the known thermal parameters for the melting of indium and/or cyclohexane.
X-ray diffraction. Samples were prepared by resuspending weighed amounts of lipid in distilled water. The resulting dispersions were then heated above their main phase transition and subjected to at least three freeze/thaw cycles. The 18:0, 18:2 lipid dispersion was prepared, as far as was practical, in a N 2 -filled glove box to minimize the chances of lipid oxidation. Following hydration, the samples were stored at Ϫ20°C for approximately 24 h before examination.
Real-time x-ray diffraction studies were performed using a monochromatic ͑0.154 nm͒ focused x-ray beam at Station 8.2 of the SERC Daresbury Synchrotron Facility, UK, using a purpose-built SAXS/WAXS camera. Detailed descriptions of the measuring system have been published elsewhere ͓46,47͔. The data-acquisition system allowed the collection of 255 consecutive 5 s diffraction patterns with an intervening 10 s wait-time. The SAXS detector was calibrated using at least the first nine orders of wet rat tail collagen ͑repeat distance of 67.0 nm͒. The WAXS detector was calibrated using the peaks arising from hexagonal crystalline ice ͓48͔ formed in frozen samples as an internal standard.
Freeze-fracture electron microscopy. Lipid samples were thermally quenched from subambient temperatures using a purpose-built temperature equilibration system ͓49͔. Following thermal quenching, the sample was transferred to a Polaron freeze-fracture device for processing. The resulting replicas were examined using a Philips EM301G electron microscope.
RESULTS

Differential scanning calorimetry
DSC measurements were performed on fully hydrated samples of mixed-chain PC derivatives with one C 18 chain and the other chain variable in length and/or unsaturation. All samples were incubated for at least 5 min above the main transition temperature just prior to measurement in order to eliminate complications associated with the possible formation of crystal (L c ) phases. Typical DSC heating thermograms for di-18:0 PC, 18:0,16:0 PC, 16:0,18:0 PC, 18:0,14:0 PC, 18:0,18:1 PC, 18:1,18:0 PC, and 18:0,18:2 PC are presented in Fig. 1͑a͒ . The corresponding cooling curves, measured immediately after the initial heating, are shown in Fig.  1͑b͒ . Di-18:0 PC and the saturated mixed-chain PC species ͑18:0,16:0 PC, 16:0,18:0 PC, and 18:0,14:0 PC͒ all exhibit an (L ␤ Ј → P ␤ Ј ) pretransition and a main ( P ␤ Ј →L ␣ ) transition on heating. In the case of di-18:0 PC, the pretransition was also seen on cooling but only the main transition was seen under these conditions for the mixed-chain species.
No pretransition was observed, either on heating or cooling, for the PC species 18:0,18:1 PC, 18:1,18:0 PC, and 18:0,18:2 PC containing unsaturated acyl chains. In order to check that any possible pretransition was not being masked by the large endotherm associated with ice melting, these measurements were repeated on supercooled samples. The samples were first cooled to around Ϫ15°C and then reheated while still in the supercooled state. Only a single peak, corresponding to the main lipid transition, was observed. No indication of the occurrence of a pretransition in either the cooling or heating traces was found under our measuring conditions.
The collected values for the temperatures and molar enthalpies of the (L ␤ Ј → P ␤ Ј ) and ( P ␤ Ј →L ␣ ) transitions observed in this study are presented in Table I . The values of the transition temperatures for di-18:0 PC and fully saturated mixed-acyl chain PC derivatives are in good agreement with previously published values ͓͑3,50,51͔, and references therein͒. The enthalpies, while in general agreement with previously published values, are somewhat variable probably reflecting the requirement to cycle the samples under conditions in which the formation of the crystalline phase was inhibited. Fewer measurements have been carried out on mixed-chain PC derivatives containing unsaturated chains but again our values are in good agreement with published values ͓52,53͔.
X-ray diffraction and freeze-fracture measurements
The structural properties of the ripple phase ( P ␤ Ј ) were examined using real-time SAXS/WAXS measurements and freeze-fracture electron microscopy. Attention was concentrated on three different aspects of the ripple phase: the properties of pretransition ripples in fully saturated molecular species; the occurrence of ripple phases in mixed-acyl chain systems containing unsaturated fatty acyl chains; and the formation of long-wavelength ripples.
Pretransition ripple phases in fully saturated molecular species. SAXS/WAXS measurements were carried out under conditions analogous to those employed in the DSC measurements. As anticipated, all the fully saturated lipids gave rise to well-defined ripple phases in their pretransition temperature ranges. In the case of x-ray measurements, however, the formation of such phases was seen both in heating and cooling scans. Examples of SAXS patterns of ripple phases for the different lipids, measured at temperatures corresponding to the center of their respective pretransition ranges, are presented in Fig. 2 . In agreement with Tenchov et al. ͓15͔ , we observed significant differences in the relative amplitudes of different ripple phase diffraction maxima in heating and cooling scans and all observations, unless otherwise stated, relate to heating scans.
All the lipids examined showed a small diffraction maximum at about 12.0 nm (Sϭ0.083 nm
Ϫ1
) and a prominent first-order stacking repeat at about 6.0 nm (S ϭ0.166 nm Ϫ1 ), corresponding to the ͑01͒ and ͑10͒ spacings of the ripple phase, together with a number of less prominent maxima arising from the cross terms of the ripple lattice and higher-order reflections from the stacking repeat. Following Wack and Webb ͓16͔, we have indexed these spectra in terms of a 2D monoclinic lattice characterized by a ripple wavelength , a stacking repeat distance d s , and a monoclinic angle m . Values for m , d s , and were determined by applying the monoclinic spacing formula A detailed picture of the temperature-dependent changes in the SAXS pattern of 18:0,14:0 PC, taken as a representative lipid of this group, is presented in the form of a graylevel intensity plot in Fig. 3 . The plot is constructed from data collected in a continuous series of 5 s frames measured as the sample is heated from 5 to 42°C at a rate of 2°C/min. At 5°C, the sample is in a lamellar phase characterised by first-͑10͒ and second-order ͑20͒ maxima corresponding to a lamellar repeat distance of 6.58 nm. The ͑01͒ diffraction maximum of the ripple phase first starts to appear at about 11°C and the ͑11͒, ͑12͒, ͑21͒, and ͑22͒ small-angle maxima are all clearly visible by 15°C. The maxima associated with the ripple phase persist to about 30°C, at which point they abruptly disappear, and the positions of the ͑10͒ and ͑20͒ maxima shift as the lamellar repeat distance decreases to 6.01 nm, signaling a transition to the L ␣ phase. Plots of the temperature dependences of m , , and d s for 18:0,14:0 PC during heating and cooling scans are presented in Fig. 4 . The ripple wavelength , as illustrated in Fig. 4͑a͒ , showed a slow decrease on heating from about 12.6 nm at 17°C to 11.8 nm at 29°C, followed by a rapid increase to 13.0 nm at 32°C. Essentially the reverse behavior was seen on cooling. L ␤ Ј and L ␣ phases where tends to infinity.
On heating, m initially increased rapidly from about 95.5 at 17.5°C, the lowest temperature at which it could be reliably measured, to a value of about 99.5 at 20°C and then more slowly to a maximum of about 102 at 30°C ͓Fig. 4͑b͔͒. On cooling, the behavior is very similar apart from a slight ͑1-2°C͒ displacement of the curve to a lower temperature. m would be expected to be 90°if the lipid chains were either all parallel to the normal to the layer plane or the average tilt in the two sections of the ripple were equal and opposite. This is likely to be the case only if the ripple phase is symmetric. The observed deviation in the value of m from 90°strongly suggests that the ripple phase is inherently asymmetric. In general, m would be expected to increase with increases in the disparity between 1 and 2 , the angle of tilt with respect to the bilayer normal in the two ripple sections. Given the relatively small changes in value of , this might be expected to be reflected in an increase in ripple amplitude. This is consistent with the scanning-tunneling microscopy results of Woodward and Zasadzinski ͓18͔ showing that the ripple is inherently asymmetric and that its amplitude increases steadily with temperature before falling rapidly back towards zero as the system enters the planar L ␣ phase. The value of d s remains almost constant at 6.7 nm throughout the ripple phase ͓Fig. 4͑a͔͒ suggesting that ripple asymmetry and amplitude have little effect on the average bilayer and interbilayer water thicknesses.
Typical WAXS diffraction patterns for the different phases of 18:0,14:0 PC seen in the gray-scale SAXS pattern shown in Fig. 3 are presented in Figs. 5͑a͒-5͑c͒. A pattern for the untilted L ␤ phase of 16:0,18:0 PE is shown in Fig.  5͑d͒ for comparison purposes. The pattern for the lowtemperature phase ͓Fig. 5͑a͔͒ consists of a relatively sharp peak centered at 2ϭ21.18°(dϭ0.419 nm) with a shoulder at 2ϭ21.76°(dϭ0.408 nm). This type of pattern, as shown by Tardieu et al. ͓10͔ , is typical of an L ␤ Ј phase and corresponds to a quasihexagonal lattice in which the acyl chains are tilted with respect to the bilayer normal forming one group of four closely spaced chains with two chains at a slightly larger separation. The WAXS pattern for the P ␤ Ј phase ͓Fig. 5͑b͔͒ consists of a single peak again centered at dϭ0.419 nm. This peak is symmetrical indicating that the lipid chains are packed on a regular hexagonal lattice. It is, however, considerably broader than the corresponding peak of conventional L ␤ phases formed in planar bilayers ͓cf., Figs. 5͑b͒ and 5͑d͔͒, reflecting the tilt of the chains in the P ␤ Ј phase. The pattern for the L ␣ phase ͓Fig. 5͑c͔͒, as would be expected, consists of a single broad diffuse reflection.
Ripple phase formation in unsaturated molecular species. Verkleij et al. ͓4͔ and Ververgaert et al. ͓5͔ have reported freeze-fracture evidence for the formation of ripple phases in 18:1,18:0 PC and 16:0,18:1 PC. The formation of a ripple phase in unsaturated PC derivatives has, however, largely been ignored, probably as the result of a general failure to find evidence for a pretransition in these lipids using DSC techniques. We have confirmed the original freeze-fracture findings for 18:1,18:0 PC and, as illustrated in Fig. 6 , also find clear evidence for ripple formation in 18:0,18:1 PC and 18:0,18:2 PC. In all cases the ripples appear to be standard asymmetric pretransition ripples of the type commonly seen for saturated PC derivatives. SAXS diffraction patterns of ripple phases formed by 18:0,18:1 PC, 18:1,18:0 PC, and 18:0,18:2 PC are presented in Fig. 7 . Values for , d s , and m for these lipids are listed, together with the corresponding phase transition temperatures, in Table III. Transition temperatures were normally measured using heating scans as marked hysteresis was observed in the cooling scans. This is illustrated for a partially hydrated sample of 18:0,18:1 PC in the SAXS measurements presented in Fig.  8͑a͒ . In this sample, the characteristic ͑0,1͒ diffraction maximum is clearly observable down to temperatures of at least Ϫ55°C. On reheating the ripple phase first anneals out to yield an L ␤ phase. It then reforms when the sample reaches its normal (L ␤ Ϫ P ␤ Ј ) transition temperature as shown in Fig.  8͑b͒ . The transition temperatures cited in Table III , it should be emphasized, were measured on fully hydrated samples of the lipids where hysteresis is less of a problem and the transition between the L ␤ and P ␤ Ј phases is much more clearcut. Hysteresis still occurs, however, as illustrated in the freeze-fracture electron micrograph showing the presence of this ''locked-in'' ripple phase in a sample of fully hydrated 18:0,18:1 PC thermally quenched from Ϫ26°C shown in Fig. 6͑c͒ .
In the case of 18:0,18:2 PC, ripple phase formation occurs at Ϫ17.2°C. This is several degrees below the freezing point of ice in our x-ray samples even though they are prone to supercooling. This lipid undergoes a further transition to a gel phase at Ϫ28°C. In contrast to the other unsaturated lipids, 18:0,18:2 PC appears to transform directly from the gel phase back into the L ␣ phase on reheating without passing through an identifiable ripple phase. This probably reflects freeze-dehydration effects that are much more severe at these low temperatures.
Formation of long-wavelength ripples. The presence of symmetric ripples with a wavelength about twice that of the normal pretransition ripples associated with the P ␤ Ј phase has been widely reported in freeze-fracture studies performed on lipid mixtures containing PC derivatives ͓29,54-58͔. Related structures, some symmetric and some asymmetric, have also been reported to occur as minor components in pure PC samples ͓25,26͔. Apart from the report of Yao et al. ͓19͔ of the presence of secondary ripples in di-16:0 PC, the existence of long-wavelength ripple phases does not appear to have been observed in x-ray diffraction studies on pure PC samples.
We found little evidence for the existence of longwavelength ripples in the x-ray diffraction patterns of most of the fully hydrated lipids that we examined. A clear reflection at very low angles was, however, observed, in a sample of 18:0,16:0 PC ͑lipid/water 1:0.5 w/w͒ freshly cooled from the L ␣ phase. Diffraction patterns showing this reflection are presented in Fig. 9 . The upper diffraction pattern in this figure shows a reflection at Sϭ0.0725 nm Ϫ1 (dϭ13.7 nm) corresponding to the ͑01͒ spacing of the conventional pretransition ripple and a reflection at Sϭ0.0396 nm Ϫ1 (d ϭ25.3 nm) that we attribute to the ͑01͒ spacing of the secondary ripple. As the sample was cooled, the reflection associated with the pretransition ripple reduced in intensity while that from the long-wavelength secondary ripple increased. Below about 28°C, the reflection from the pretransition ripple disappeared and the long-wavelength ripple reflection broadened and shifted to a limiting spacing of S ϭ0.0269 nm Ϫ1 (dϭ37.2 nm), yielding the diffraction pattern shown in the lower trace in Fig. 9 . On reheating, the spacing associated with the pretransition ripple reappeared and there was again clear evidence for the coexistence of the two ripple forms. The wavelengths of the two ripple phases varied with temperature but their ratio remained close to 1.8:1 suggesting that they were closely related.
No sign of this long-wavelength spacing was observed in the initial heating scan of the sample suggesting that these longer-wavelength ripples are specifically formed as the sample cooled from the L ␣ phase. The intensity of the ͑01͒ spacing of the pretransition ripple on cooling is always much lower than the corresponding peak in the initial heating scan indicating a high degree of sample disorder. It is possible that conditions favorable to the formation of these longerwavelength ripples, which we suspect to be identical to the secondary ripple reported by Yao et al. ͓19͔ , exist in the freshly cooled samples but that such ripples anneal out on prolonged equilibration at lower temperatures.
Freeze-fracture replicas prepared from samples of this lipid thermally quenched from the pretransition range ͑30-40°C͒, directly following cooling from the L ␣ phase, are dominated by the presence of standard pretransition ripples with a wavelength of about 13.3 nm, as shown in Fig. 10͑a͒ . Corresponding replicas quenched from temperatures below the transition range are characterized by large areas of planar bilayer arising from an L ␤ Ј phase lipid together with smaller areas of long-wavelength ripple. Two distinct types of longwavelength ripples were seen in such replicas. One type, shown in Fig. 10͑b͒ , had a similar asymmetric cross section to pretransition ripples but is of longer wavelength and is much more variable and nonuniform in appearance. This type appears simply to correspond to collapsing pretransition ripples.
The other type, shown in Fig. 10͑c͒ , was symmetrical in cross section and much more uniform in wavelength. It is almost certainly this more uniform type of ripple that corresponds to the secondary ripples detected by x-ray diffraction. The amounts, and the distribution of this type of ripple in Diffraction measurements for 18:0,18:2 PC were taken during a cooling scan. The ripple phase forms only during cooling. c We were unable to determine accurately the ripple wavelength and monoclinic angle for this lipid. The value reported is the ͑01͒ peak.
FIG. 8. Three-dimensional plot of a series of SAXS diffraction patterns for a sample of fully hydrated 18:1,18:0 PC ͑a͒ during cooling, ͑b͒ on reheating. Temperature scan rates were 5°C/min.
FIG. 9. SAXS diffraction patterns of a partially hydrated ͑33
wt. %͒ sample of 18:0,16:0 PC showing ͑a͒ both the pretransition ͑p͒ and secondary ripple ͑s͒ diffraction maxima and ͑b͒ the maxima corresponding to the secondary ripple and L ␤ Ј phase. Measurements were made at 37 and 7°C in the course of a cooling scan at 5°C/min. different samples, appear to be very dependent on the thermal history of the samples in a way that it is still unclear, accounting for its apparent elusiveness in x-ray diffraction studies.
DISCUSSION
The three main areas investigated in this study are the effect of changes in the length, saturation, and position of the acyl chain on the occurrence and temperature range of the ripple phase; the formation and molecular organization of the ripple phase; and the relationship between pretransition and long-wavelength ripple phases.
Effects of chain length, position, and saturation. Cevc ͓45͔ has developed a simple model to describe the ripple phase based on the idea that ripple phase formation involves a mutual sliding of the acyl chains of the lipids along their long axes that is driven by an increase in headgroup hydration. Using this model he has shown that T m and T p , the temperatures of the (L ␤ Ј → P ␤ Ј ) and ( P ␤ Ј →L ␣ ) phase transitions, respectively, of saturated homoacyl PC derivatives, fit the following simple phenomenological equations:
where n c is their chain length. A plot showing the fit of published values for a series of such derivatives to these equations is shown in Fig. 11 . The corresponding values for the PC derivatives studied in this investigation, have been fitted to this plot on the basis of their T m values. The chain length of the equivalent homoacyl saturated lipid can then be read directly from the plot.
In a related analysis of the dependence of T m in monounsaturated PC derivatives on the double bond position ͓9͔, it is shown that their gel phases are principally stabilized by van der Waals interactions between the upper saturated parts of the chains, that chain-chain interaction in the disordered region͑s͒ containing cis-double bond͑s͒ is minimal, and that contributions of the shorter saturated tail sections of the lipids to gel-phase stability are relatively small. In the cases of the three saturated mixed chain-length derivatives studied here, all have equivalent n c values slightly greater than the length of their shorter chain but appreciably less than that of their longer chain. This is consistent with the view that T m is largely determined by chain-chain binding between the ordered sections common to both the sn-1 and sn-2 chains. The unsaturated lipids have much lower equivalent n c varying from close to 12.5 for 18:0,18:1 and 18:1,18:0 PC to close to 11.1 for 18:0,18:2 PC, again consistent with the findings of Cevc ͓9͔.
The values for the temperature span of the ripple phase (T m -T p ) of these two groups of lipids are plotted against their equivalent chain length in Fig. 12 sition temperature spans than their equivalent homoacyl saturated lipids while those containing unsaturated chains are characterized by smaller spans. These differences can readily be explained, at a qualitative level at least, in terms of the sliding chain model. As the chains of the homacyl saturated lipids slide past each other on formation of the ripple phase, there is a loss of chain-chain interaction reflecting a reduction in the length of overlapping regions of ordered chains in neighboring lipids. In the case of the saturated mixed-chain derivatives, in contrast, as the acyl chains slide past each other, the previously disordered tail sections of the longer chains are now available to line up alongside the ordered chains of neighboring lipids. The activation energy required to initiate chain sliding is thus lower and the threshold temperature for such motion is reduced. Conversely, in the case of lipids containing disruptive cis-double bonds, chain sliding leads to these bonds being drawn up into a previously ordered region resulting in a greater than normal disruption of chain-chain interactions. The activation energy for chain sliding is correspondingly higher and the threshold temperature is raised.
Formation and molecular organization of the ripple phase. The driving force for formation of the ripple phase according to the Cevc model is headgroup hydration associated with an increase in exposure to the aqueous phase. This increased exposure of the headgroup tends to lead to an increase in the cross-sectional area of the headgroup putting the cohesive chain-chain interactions under stress. This imbalance between the forces acting in the headgroup and acyl chain regions is similar, but acting in an opposite manner, to that invoked by Gruner ͓59͔ and Tate and Gruner ͓60͔ in their explanation of the phase behavior of H II lipids. In the H II -forming lipids, where the headgroups occupy less area than their acyl chains, it tends to separate the two monolayers imposing a negative curvature on the monolayers leading to the formation of cylindrical inverted micelles. In the PC system, the opposing monolayers will tend to bend in the opposite direction in an attempt to form the corresponding micellar system. This, however, is prevented by the relative incompressibility of the lipid acyl chains. The imbalance between the expansive forces associated with increased headgroup hydration and the cohesive forces associated with chain-chain interactions within the bilayer appears to be most easily relieved by a buckling of the bilayer to form the ripple phase. If the lipid molecules were perfectly cylindrically symmetric, this buckling would be expected to be sinusoidal with no preferred axis with respect to the plane of the bilayer. In practice, lipid molecules are inherently asymmetric giving rise to a ripple phase.
Electron density profile calculations performed by Wack and Webb ͓16͔ show that the pretransition ripple phase P ␤ Ј , in agreement with electron microscopy studies, is asymmetric with a sawtooth profile. The precise interpretation of the organization of the lipid molecules within this sawtooth is, however, still uncertain. These workers estimated an average value of 34°-41°for Ј, the average tilt angle with respect to the normal of the average layer line, for the ripple phases of di-C 12 through to di-C 19 PC. This analysis was based on a comparison of the measurements of projected chain area, on the average layer plane of the bilayer with the corresponding calculated values for the fully extended chains oriented parallel to the bilayer normal. As they point out, it is difficult to be sure in such measurements whether the values obtained for Ј are a true reflection of the average tilt of the chains with respect to the bilayer or simply reflections of the algaebraic sum of the contributions of the bilayer thicknesses of gel and liquid-crystal phase components present in the ripple phase. They concluded, on the basis of measurements of the incremental change in the value of d 1 Ј with chain length, that chain tilt was the major contribution to their value for Ј. The inference of this is that the physical state of the lipids is similar throughout the ripple profile.
Sun et al. ͓20͔ have recently reported calculations of the electron density profiles of the ripple phase of di-14:0 PC based on the same data but using a different modeling approach. Their calculations confirm the sawtooth profile but predict that its two segments are quite different in organization. The major segment was found to have a head-to-head bilayer thickness of 3.79 nm, very similar to the value of 3.7 nm found for the gel phase, while that of the minor section was found to be 3.1 nm, more typical of the L ␣ phase.
If correct, the ripple might be expected to be equivalent to a mixture of gel and liquid-crystal phase lipid in the approximate proportions of the lengths of the two sides. This corresponds to approximately 70% gel and 30% liquid-crystal phase. If there is approximately 30% liquid-crystal phase lipid in the ripple phase, this might be expected to be detectable in the WAXS diffraction pattern. Typical patterns for the P ␤ Ј and L ␣ phases of 18:0,14:0 PC are shown in Fig.  13͑a͒ . The difference pattern obtained by subtraction of 30% of the pattern of the L ␣ phase from that of the P ␤ Ј phase as a whole is shown in Fig. 13͑b͒ . This pattern, which might be expected to correspond to the contribution of the major side of the sawtooth, is clearly different from that of the total pattern for the P ␤ Ј phase but is still of a shape consistent with the idea that the gel phase can be represented as a tilted set of hexagonally packed rods along the lines suggested by Tardieu et al. ͓10͔ . The model suggested by Sun et al. ͓20͔ is thus at least reconcilable with our WAXS data.
Relationship between pretransition and long-wavelength ripple phases. Although there is still room for disagreement on the analysis of the precise electron density profile of the ripple phase, there appears to be little doubt that the standard pretransition ripple is an asymmetric sawtooth structure. This conclusion is fully supported by freeze-fracture ͓25,26͔ and tunneling electron microscopy studies ͓28͔. The situation regarding long-wavelength ripple phases is less clear-cut. In our studies, we observe two distinct long-wavelength forms. One of these is clearly asymmetric and closely resembles the pretransition ripple ͓cf., Figs. 10͑a͒ and 10͑b͔͒ . It is commonly observed in samples of saturated PC derivatives that have been recently cooled below their normal (L ␤ Ј -P ␤ Ј ) phase transition temperatures. This form, which is somewhat variable in wavelength, does not give rise to an x-ray diffraction peak and appears simply to reflect the presence of pretransition ripple phases that have not reequilibrated with the bulk phase. The other, less common, form is symmetrical in profile ͓Fig. 10͑c͔͒. It appears to be related to the pretransition ripple in that x-ray diffraction measurements indicate that the ratio of the wavelengths of the two types of ripples is fixed in their coexistence range.
The nature and origin of these symmetrical ripples is not fully clear. They appear to form as the lipid cools from the L ␣ phase. On cooling from the L ␣ phase, pretransition ripples with mutually different orientations will inevitably be formed simultaneously in different parts of the bilayer. These will propagate towards each other and it is perhaps not surprising that unusual ripple profiles will be generated in their intersecting regions. With this in mind, the idea put forward by Meyer that symmetrical ripples may be based on two opposing sections of tilted gel phase, each of which is similar in organization to the long side of the sawtooth pretransition ripple, seems to be particularly worthy of careful consideration. It is noteworthy in this context that by virtue of its tilted chains, the L ␤ Ј phase has an in-built directionality, possibly explaining why these more complex ripple forms are not normally observed on heating equilibrated gel phase samples.
CONCLUSION
This study has explored the dependence of the ripple phase on unsaturation and length of the acyl chain in phosphatidylcholines. We found that the temperature dependency of the ripple wavelength, stacking repeat, and monoclinic angle defining the unit cell are consistent with an asymmetric ripple having an amplitude that slowly increases with temperature. The ripple asymmetry and amplitude appear to have little effect on the average bilayer and interbilayer water thickness. The WAXS data are consistent with the model suggested by Sun et al. ͓20͔ , in which the minor side of the ripple sawtooth has gel-like properties and the major side of the ripple sawtooth has liquid crystal-like properties. A further investigation of the acyl chain packing may help elucidate the characteristics of the acyl chains in each section of the ripple phase sawtooth structure.
The temperature spans of the ripple phases of saturated mixed-chain PC derivatives were found to be larger than those of homoacyl derivatives of the same equivalent length. In contrast, the temperature spans of the ripple phases of PC derivatives containing unsaturated chains were found to be smaller than those of the equivalent homoacyl derivatives. This is consistent with a model involving a mutual sliding of the acyl chains along their long axes that is driven by an increase in headgroup hydration suggested by Cevc ͓45͔. The activation energy for chain sliding is reduced for saturated chains due to an ordering of the tail sections of the longer chains resulting in a lowering of the threshold temperature, whereas the activation energy is increased for unsaturated chains due to the disruptive cis-double bonds resulting in an increase in the threshold temperature.
A variety of secondary ripples are produced in phospholipids depending on sample preparation and thermal history. A secondary ripple phase with a wavelength of about 1.8 times greater than the conventional pretransition ripple phase was observed in our samples. These ripples are symmetric in cross section, form only on cooling from the L ␣ phase, and persist to much lower temperatures than the pretransition ripple. The symmetric ripples may form when two opposing sections of tilted gel phase merge as suggested by Meyer ͓26͔. Further investigation of these secondary ripples, both symmetric and asymmetric, may reveal the nature of their production as well as the nature of the production of the pretransition ripple.
